The vibration caused by the friction characteristic of the clutch during the vehicle start-up process has an impact on driveline torsional oscillation. This results in the occurrence of the stick-slip phenomenon which in turn aggravates the torsional oscillation. In this study, the dynamic model of the wet clutch was built and the self-excited vibration and stick-slip phenomenon during clutch engagement were theoretically analyzed and numerically simulated. The vehicle start-up driveline model was then built with consideration of the stiffness of the shafts, the time-varying mesh stiffness of the gear set, and system damping. The start-up process of the vehicle was simulated through the adoption of a constant engine speed control strategy, and the influence of the control and structure parameters on the stick-slip phenomenon during the vehicle start-up process was investigated. The results showed that increasing the relative speed threshold value of the constant engine speed control decreases the likelihood of the occurrence of the clutch stick-slip action, and the shaft stiffness, system damping, and inertia of each component also affect the stick-slip phenomenon during vehicle start-up. Wet clutch, start-up, torsional vibration, stick-slip. 
I. INTRODUCTION
It is essential to ensure smoothness during the process of vehicle shifting and start-up to obtain driving comfort and prolong the service life of the driveline system. The clutch can achieve smooth transition of torque and provide overload protection, while inevitably inducing vibration due to the friction characteristic of the clutch materials: the FIV (Friction induced vibration) [1] , [2] . The FIV causes two kinds of vibration: the self-excited vibration, which is caused by the variation of the friction coefficient with the relative speed, also known as the friction coefficient negative gradient, and the clutch stick-slip action, a phenomenon involving the intermittent stick and slip of clutch contact faces, which is caused by the friction characteristic of the clutch and system dynamics. These two kinds of vibration cause torsional oscillation in The associate editor coordinating the review of this manuscript and approving it for publication was Shihong Ding . the vehicle driveline, which affects the drivers' comfort and the service life of the components of the vehicle. Passengers will feel somatosensory uncomfortable When the frequency of oscillation is within range of 2 Hz ∼ 50 Hz, which is often referred to as low frequency, and they will feel auditory uncomfortable when the frequency of oscillation is higher than 50Hz [3] . Torsional oscillation of the driveline system also weakens the friction characteristics of the clutch friction disc.
Most research studies have focused on and widely investigated the self-excited vibration that occurs during the clutch engagement process [4] - [9] . Current research studies state that the self-excited vibration of the clutch is significantly related to the variation of the friction coefficient with the relative speed, and occurs when the du/dv has a negative gradient, where, u is the friction coefficient and v is the relative speed. For dry clutch, this conclusion can by verified through the pin-on-disk experiment [10] , and for wet clutch, VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ this conclusion can be verified through the SAE#2 test [11] . The self-excited vibration is induced by the friction characteristic which can be deemed as the internal excitation. The system, which includes a frictional part, is a nonlinear dissipative system, and even though it has the capacity to operate in a steady state, it is only relatively stable in minor disturbances. Major disturbances cause periodic or chaotic vibrations in the system [1] , [12] . Many researchers have studied the effect of external excitation including engine torque fluctuation, road excitation and dynamic characteristics of the clutch actuator on self-excited vibration [4] , [13] - [15] , [17] , [19] . For dry clutch, the influence of the clutch torsional spring stiffness and the axial cushion spring stiffness on vibration were analyzed [18] , [19] , and for wet clutch, the influence of the pressure fluctuation and the ATF (Automatic transmission fluid) quality degradation on vibration was investigated [4] , [20] . The stick-slip phenomenon of the clutch is related to the friction characteristic of the contact surface and the torsional oscillation of the system, and is significantly influenced by the torsional oscillation of the system. When the rotation speed fluctuation amplitudes of the clutch drum and clutch hub are large enough, the value of the relative speed between the clutch drum and clutch hub may become zero at a certain point in time, causing the clutch to engage in what is referred to as stick on, whereas, when the torque transmitted by the clutch exceeds the static friction capacity of the clutch owing to the torsional oscillation, the clutch disengages and begins to slip in a bid to protect the clutch. This repeated engage and disengage operation of the clutch causes the stick-slip phenomenon. Wikiel and Hill [21] have examined the phenomenon of the stick-slip motion by dropping a mechanical system consisting of two masses which are connected by an elastic spring vertically in a cylindrical tube. They observed the stick-slip phenomena by recording the variation of the length of the spring. Nakano and Maegawa [1] described the stick-slip phenomenon using a 1 DOF (degree of freedom) system and pointed out that the stick-slip phenomenon was caused by switching between three different states. They further outlined the conditions necessary for preventing FIV. Duan and Singh [22] investigated the clutch stick-slip phenomenon by establishing a 3 DOF model and analyzed the effect of the clutch hub inertia on the stick-slip phenomenon. Pilipchuk and Tan [2] investigated the stick-slip phenomenon using a 2 DOF mass-damper-spring system linked to a decelerating rigid strip, and stated that the stick-slip phenomenon was significantly influenced by the mechanical characteristics of the system. Crowther et al. [4] investigated the judder and stick-slip phenomenon during the shifting process of a vehicle equipped with an AT (Automatic Transmission). They further analyzed the effect of the engine torque and clutch pressure fluctuations on the stick-slip phenomenon.
Current research studies mostly focus on the self-excited vibration of the vehicle driveline system during clutch engagement, and research on the stick-slip phenomenon mainly focuses on its mechanism. According to [23] , [17] , the clutch stick-slip phenomenon is influenced by the dynamic characteristic of the system. Research studies on the influence of the external excitation on the stick-slip phenomenon during the vehicle start-up process are scarce. In this study, the influence of the external excitation from the vehicle driveline system on the stick-slip phenomenon was investigated and the study consists of three parts. Firstly, the 4 DOF clutch model was established and the self-excitation vibration as well as the mechanism of the stick-slip phenomenon were studied. Secondly, the vehicle driveline system model was built with consideration of the time-varying mesh stiffness of the gear set, the stiffness of the shafts, system damping and the inertia of the components; and the vehicle start-up process was simulated using the constant engine speed control strategy. Thirdly, the influence of the threshold of relative speed, the stiffness of the shafts, the system damping and the inertia of the components on the stick-slip phenomenon were investigated.
II. DYNAMIC ANALYSIS OF THE CLUTCH A. CLUTCH MODELING
The dynamic model of the clutch can be described via a 3 DOF or 4 DOF model. The 4 DOF model has the capacity to show the influence of both the input and output dynamic characteristics on clutch engagement. Therefore, in this research study, the 4 DOF model was built to investigate the dynamic behavior of the clutch during engagement process. The 4 DOF dynamic model can be illustrated by Fig 1. The operation of clutch can be divided into three states: separated, slipping and locked. During the slipping state, the dynamic characteristic of the clutch can be described by the 4 DOF model. When the clutch is locked, the clutch drum and hub rotate together, which eliminates one degree of freedom. The mathematical model of the clutch at different states can be expressed by (1)- (7) .
Separated and slipping state
Locked state
In this state, the rotation speed of the clutch hub equals that of the drum, meaning thatθ 2 =θ 3 =θ lock . Therefore, the mathematical model for locked state can be expressed by the following equations.
where,
where, J 1 , J 2 , J 3 and J 4 are the power device inertia, the clutch drum inertia, the clutch hub inertia and the loading device inertia, respectively; k 12 and k 34 are the values of input shaft stiffness and output shaft stiffness; c 12 and c 34 are the equivalent damping values of the input shaft and output shaft. T in is the input torque, while T R is the resistant torque; F is the clamp force, F = Pπ (r 2 po -r 2 pi ), P is the hydraulic pressure in the clutch, which is often referred to as clutch pressure, r po and r pi the outer and inner radii of the hydraulic cylinder; z is the number of the contact faces;
, r o and r i are the outer and inner radii of clutch plate friction surfaces, µ is the friction coefficient which is usually a function of temperature, relative slipping speed and pressure; T cl is the torque transmitted by the clutch, and T lock is the torque transmitted by the clutch while locked, values of these parameters are attached in Appendix section in TABLE 1.
When engaging, the clutch friction coefficient varies with the relative slipping speed, and the relationship between the coefficient and the relative slipping speed can be expressed by (10) [6] .
where, α is the controllable parameter; v s is the relative slipping speed, v s = ω s R , ω s is the relative slipping angular speed, and R' = 3(r Equation (10) can be expanded with the Taylor series and the high order term can be ignored. The relationship between friction coefficient and the relative slipping speed can be expressed by (11) . where, k is the coefficient, and k is negative when the ATF quality degrades. In this study, k = −0.0006. The frictional torque transmitted by the clutch can be expressed by (12) .
where, T hold is the clutch torque capacity and can be calculated by T hold = µ s FzR, z is the number of clutch contact faces, µ s is the static friction coefficient of clutch. ω is the tolerance of zero speed for numerical simulations.
B. DYNAMICS RESPONSE OF THE CLUTCH
Since the frictional torque transmitted by the clutch is nonlinear, it is difficult to obtain the analytical expression of the rotation speed of both the clutch drum and clutch hub; however, thanks to the Simulink provided by the Matlab software, this non-linear problem can be numerically solved as shown in corresponding torque, T lock , T hold and the relative slipping angular speed ω s . Fig. 3 shows that the clutch hub suffers self-excited vibration as the vibration amplitude increases following the engagement of the clutch, which is induced by the negative gradient of the friction coefficient. During the clutch engagement process, the relative slipping angular speed becomes zero at 0.526 s, and the torque transmitted by the clutch is lower than the torque capacity of the clutch, the clutch becomes locked. After a while, the torque transmitted by the clutch fluctuates due to system vibration and exceeds the clutch torque capacity, thus the clutch begins to slip. At 0.535 s, the clutch again becomes locked for a short time, and then begins to slip. The clutch does not firmly lock until at 0.54 s. Afterwards, the relative slipping angular speed becomes zero and the torque transmitted by the clutch no longer exceeds the clutch torque capacity. During the clutch engagement process, the intermittent lock and slip phenomenon, also known as the stick-slip phenomenon, occurs. This action is related to two functions: the fluctuation of the rotation speed of clutch drum and hub, and the fluctuation of the torque transmitted by the clutch. These two functions are determined by the mechanical characteristic of the system as can be reflected by (2) (3) (8).
III. DYNAMIC MODEL OF THE VEHICLE START-UP PROCESS
In this study, a vehicle equipped with the DCT (Dual Clutch Transmission) was selected as the object of study. Fig. 4 shows the model of this vehicle. The driveline system consists of the engine, clutch, gearbox and controller. The gear box consists of gear sets and shafts. The power generated by the engine flows through the clutches, gearbox, differential, driving axle, and wheels. The controller is used to coordinate the engine and clutch to obtain good quality of the start-up and shift processes.
The vehicle equipped with DCT can start in two ways: start-up with one clutch, and start-up with two clutches [17] , [24] - [26] . In this study, the former was adopted. When the vehicle starts with one clutch, the power generated by the engine flows through the clutch, the first gear set, the main reducer, and the wheels, as illustrated by the red arrow in 1. The shafts in the driveline are considered as a spring without mass. 2. All system damping is equivalent at the position of the shafts. 3. The backlash of the gear set, the spline, and the universal joint is ignored. 4. The torque transmitted by the two driving axles is equal. With these assumptions, the driveline can be simplified as illustrated in Fig. 5 , whereby k 12 is the engine output shaft stiffness, k 34 is the stiffness of input shaft of gear box, k 45 is the mesh stiffness of the first gear set, k 56 is the stiffness of the intermediate shaft in the gear box, k 67 is the mesh stiffness of the reducer gear set, and k 78 is the stiffness of the driving axle; c 12 is the equivalent damping of the engine output shaft, c 34 is the equivalent damping of the input shaft of gear box, c 45 is the mesh damping of the first gear set, c 56 is the equivalent damping of the intermediate shaft in the gear box, c 67 is the mesh damping of the reducer gear set, and c 78 is the equivalent damping of the driving axle; J 1 is the inertia of the flywheel, J 2 is the inertia of clutch drum, J 3 is the inertia of clutch hub, J 4 is the inertia of driving gear of first gear set and all that is attached to it, J 5 is the inertia of driven gear of the first gear and all that is attached to it, J 6 is the inertia of the driving gear of the reducer gear set and all that is attached to it, J 7 is the inertia of the driven gear of the reducer gear set and all that is attached to it, and J 8 is the equivalent inertia of the entire vehicle, values of these parameters are attached in appendix section in TABLE 2.
The stick-slip phenomenon of the clutch during the vehicle start-up is related to the friction characteristic of the clutch contact faces and the system mechanical dynamic characteristic. The fluctuation and impulsion of the rotation speed and torque have impact on the stick-slip phenomenon. In the driveline, the stiffness of the shaft causes fluctuation and the impulsion can be caused by the gear set since the gears mesh their teeth with each other periodically. The transmission error of the gear set can also cause impulsion. Therefore, in this research study, the establishment of the driveline model considers the friction characteristic of the clutch contact faces, the stiffness and damping of the shafts, and the mesh stiffness of the gear set.
A. GEAR SET MODEL
The gear set transmits the torque when its teeth mesh with each other. When the gear set rotates, the meshing teeth pass through two states: double teeth contact area and single tooth contact area (Fig. 6 a) . This periodic switching between these two states causes the mesh stiffness of the gear set to vary with the gear angular displacement, i.e., θ i = ω i t, which is often referred to as time-varying mesh stiffness, k mik (t). The mesh stiffness is k sg when the meshing gear is in the single tooth contact area, and is k db when the meshing gears are in the double teeth contact area (Fig.6b) .
The dynamic analysis of the gear set is illustrated by Fig. 7 , according to Newton's law, and the mathematical model of the gear set can be expressed by (13) .
c mik (t) = 2ξ g k m m i m m m i + m k r bi , r bk is the radius of the base circle of gear i and gear k, e ik is the profile error of the gear, k mik (t) is the time-varying mesh stiffness, and c mik (t) is the mesh damping, ξ g is the damping ratio of gear set, m i , m j is the mass of gear i and j. The time-varying mesh stiffness and the profile error can be expressed by the Fourier series [27] [28] and can be expressed by (14) and (15) . In our study, the 7-order 
where, k m is the time-averaged mean value of the mesh stiffness, e ik is the time-averaged mean value of the profile error.
k sg and k db are the values of mesh stiffness when the meshing gear is in single tooth contact area and double teeth contact area, respectively. e min and e max are the values of error when the meshing gear is in single tooth contact area and double teeth contact area, respectively. ε α is the contact ratio of the gear set.
B. ENGINE MODEL
In this study, the engine torque model is established based on the set of experimental data. With the experimental data, the relationship among the engine output torque, T e , opening degree of throttle, α, and rotation speed, ω e , was established through the interpolation method, and can be used by the controller when the vehicle starts at a certain opening degree of throttle. The engine maps can be illustrated as shown in Fig. 8 .
C. RESISTANCE MODEL OF THE VEHICLE
There are resistive forces opposing the motion of the vehicle, some exist from the beginning of the motion and others build as the vehicle's speed increases. The resistive forces can be categorized into four types: frictional, air resistance, acceleration, and gravitational which is also called grade force [30] The resistive torques can be calculated by (16) . where, m is the mass of the vehicle, g is the gravitational acceleration, f is the rolling resistance coefficient, θ is the slope angle, C D is the aerodynamic force coefficient, A is the project area of the vehicle, ρ is the density of the air, v is the velocity, δ is the acceleration coefficient, and r W is the radius of wheel.
D. DRIVELINE MODEL
In section 1, the clutch model has been built and with the basic element model built in section 2, the driveline can be expressed by (17) , as shown at the bottom of next page.
E. CONTROL STRATEGY FOR START-UP
The control strategy during the start-up process is important. A good control strategy not only reflects the driver's intention but allows better trade-off between the frictional loss and time. Start-up with constant engine speed or with local engine speed can meet both requirements. [31] . The control flow of these control strategies can be illustrated by Fig. 9 . The constant engine speed control was adopted in this study.
During the start-up process, the controller is used to coordinate the opening degree of throttle, α, and the clutch pressure, P, to ensure that the engine speed runs at the target speed, which is the speed at which the engine produces the maximum torque at a certain opening degree of the acceleration pedal, α . To decrease the clutch frictional loss and shorten the start-up time, the clutch pressure is increased rapidly to make the clutch to engage quickly when the relative slipping angular speed reaches a manipulated threshold. The diagrams shown in Fig. 9 are both proportional-integral-derivative (PID) controllers.
F. SIMULATION OF THE VEHICLE START-UP PROCESS
With the driveline model and the control strategy, the start-up process was simulated using Matlab/Simulink. In this simulation, the opening degree of the acceleration pedal, α was set to increase from 0 to 30% within 0.5 s and the threshold of the relative slipping angular speed, ω was 10 rpm. In current research studies, the gears are assumed to be rigid. In this study, the gear set was modeled with constant mesh stiffness and time-varying mesh stiffness to determine whether the mesh stiffness would have an impact on the stick-slip phenomenon. Fig. 10 and 11 present the simulation results. Fig.10 presents the engagement process of clutch with constant mesh stiffness. Fig.10 (a) presents the rotation speed of clutch drum and hub, this figure shows that the clutch drum speed reaches the target speed at 0.5 s, and remains at this speed until the clutch engages completely. During this period, the rotation speed of clutch hub oscillates and the oscillation amplitude increases as the clutch engages, an action that is referred to as self-excited vibration and is caused by the negative gradient of the friction coefficient. The oscillation of the speed has low frequency (10.5 Hz in slipping state, and 7Hz in locked state). Fig.10 (b) presents the rotation speed of clutch drum and hub from 1.694 s to 1.704 s and the corresponding torque, T lock , T hold , and relative slipping angular speed ω s . Fig.10 (b) shows that there exists no stickslip phenomenon during the engagement process. Fig. 11 presents the engagement process of clutch with time-varying mesh stiffness. Fig.11 (a) shows the rotation speed of clutch drum and hub, this figure shows that the clutch drum speed reaches the target speed at 0.5 s, and remains at this speed until the clutch engages completely. During this period, the rotation speed of clutch hub oscillates and the oscillation amplitude increases as the clutch engages. The oscillation of the speed has not only low frequency (10.5 Hz in slipping state and 7 Hz in locked state) but high frequency (300 Hz), as can be seen in the enlarged area in Fig.11 (a) . It can be seen that the high frequency is caused by the timevarying mesh stiffness compared with result of the constant mesh stiffness in Fig.10 (a) . Fig.11 (b) shows the rotation speed of clutch drum and hub from 1.694 s to 1.709 s and the corresponding torque, T lock , T hold , and relative slipping angular speed ω s . Fig.11 (b) shows that there exists stick-slip phenomenon during the engagement process. At 1.699 s the relative slipping angular speed between clutch drum and hub reaches zero, and during this period, the torque transmitted by the clutch does not exceed the clutch torque capacity, thus the clutch becomes locked. As the oscillation amplitude increases, the oscillation causes the torque transmitted by the clutch to exceed the clutch torque capacity, causing the clutch to slip. After a while, as the rotation speed of clutch hub increases, the relative slipping angular speed reaches zero again, and the torque transmitted by the clutch does not exceed the clutch torque capacity, the clutch becomes locked again, stopping the stick-slip phenomenon and completing the vehicle start-up process.
A comparison between the constant mesh stiffness and time-varying mesh stiffness shows that the stick-slip phenomenon is highly related to the dynamic characteristics of the mechanical system, and the mesh stiffness affects the stick-slip phenomenon.
IV. ANALYSIS OF FACTORS INFLUENCING THE STICK-SLIP PHENOMENON A. EFFECT OF THE CONTROL PARAMETER ON THE STICK-SLIP PHENOMENON
During the process of vehicle start-up, the dynamic characteristic of the vehicle was influenced by the control strategy and the dynamic characteristic of the mechanical system. The influence of the control strategy on the dynamic characteristic of the vehicle is dependent on the performance of the controller and its parameters; while the influence of the mechanical system on the dynamic characteristic of the vehicle is dependent on the structure parameters of the mechanical system.
When the vehicle starts, the controller coordinates the throttle of the engine and the clutch pressure. In this study, the hydraulic actuator of the clutch is considered to be ideal without oscillation and time delay. To shorten the start-up time and decrease the frictional loss during clutch engagement, when the relative slipping angular speed reaches the threshold set by designers, the pressure of the clutch is increased rapidly to expedite the engagement process. To identify the influence of the threshold on the stick-slip phenomenon, another simulation was conducted at a threshold of 15 rpm, and with time-varying mesh stiffness of the gear set. The simulation result is shown in Fig. 12 . Fig.12 (a) shows the rotation speed of clutch drum and hub, this figure shows that the clutch drum speed reaches the target speed at 0.5 s, and remains at this speed until the clutch engages completely. During this period, the rotation speed of clutch hub oscillates and the oscillation amplitudë
where, increases as the clutch engages. The oscillation of the speed has not only low frequency (10.5 Hz in slipping state and 7 Hz in locked state) but high frequency (300 Hz), as can be seen in the enlarged area in Fig.12 (a) . Fig.12 (b) shows the rotation speed of clutch drum and hub from 1.694 s to 1.709 s and the corresponding torque, T lock , T hold , and relative slipping angular speed ω s . Fig. 12 (b) shows that the stickslip phenomenon does not occur in this simulation despite applying the time-varying mesh stiffness. In this simulation, the rotation speed of the clutch drum and hub fluctuate as the clutch engages, and when the relative slipping angular speed reaches the threshold. The pressure rapidly increases and the clutch becomes locked firmly, which leaves no chance for the torque transmitted by the clutch to exceed the static friction torque of the clutch, thus preventing the occurrence of the stick-slip phenomenon.
B. EFFECTS OF STRUCTURE PARAMETERS ON THE STICK-SLIP PHENOMENON
The structure parameters of the driveline system consist of the stiffness of the shaft, system damping, and the inertia of each component. The structure parameters can vary within a particular range during the design period. The weight of the vehicle may change based on the number of passengers aboard or the loaded cargo. The parameters were changed in order to determine the dynamics of their influence on the stick-slip phenomenon. The stiffness of the shafts and system damping were increased by 0.25 and 0.5 times and decreased by 0.25 and 0.45 times, respectively; the inertia was increased by 0.25 and 0.5 times based on the original data. For convenience in measuring the influence of the parameters on the stick-slip phenomenon, the following rule is made, '1' denotes the occurrence of stick-slip in that condition, and '0' denotes the lack of the occurrence of the stick-slip phenomenon in that condition. Fig. 13 presents the statistical result of the effect of shaft stiffness on the stick-slip phenomenon. When the value of k 34 , k 56 , k 78 changes, the stick-slip action stops; while the stickslip action persists regardless of an increase or decrease in the stiffness of the output shaft of the engine. This means that the stiffness of the input shaft of gear box, the intermediate shaft in the gear box, and the driving axle have impact on the stick-slip phenomenon, while the stiffness of the output shaft of the engine has little impact on the stick-slip phenomenon. that the stick-slip phenomenon can be suppressed by effectively changing the equivalent damping of the driving axle. The stick-slip phenomenon still exists regardless of an increase or a decrease in the value of c 34 and c 56 . The stick-slip phenomenon stops when the equivalent damping of the output shaft of the engine is increased significantly. Fig 15 presents the statistical result of the effect of the inertia on the stick-slip phenomenon and shows that as the inertia increases, the stick-slip action stops, which means that the inertia of each component of the driveline has significant influence on the stick-slip phenomenon. The likelihood of the occurrence of the stick-slip phenomenon can be decreased by increasing the inertia of each component.
V. CONCLUSION
This study focuses on the effect of the control and structure parameters of the stick-slip phenomenon during the vehicle start-up process. From this research, the following conclusions can be drawn:
(1)The mesh stiffness of the gear set has impact on the stick-slip phenomenon. When the gear is considered as rigid or the mesh stiffness as constant during the modeling process, the information of the stick-slip phenomenon during the vehicle start-up process will be missed. (2)The likelihood of stick-slip is decreased by increasing the threshold of the relative slipping angular speed. (3)The shaft stiffness, damping, and the inertia of each component influence the stick-slip phenomenon. In general, the shaft stiffness and the inertia have a more significant influence on the stickslip phenomenon compared with the damping. The stiffness and damping of the driving axle have the greatest influence on the stick-slip phenomenon, followed by the stiffness and damping of the intermediate shaft in the gear box. Increasing the inertia of each component decreases the likelihood of the stick-slip phenomenon.
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